Fish sexl development is sensitive to exogenous hormone manipulation, and salmonids have been used ensivy as environmental sentinels and models for biomedical research. We simulated maternal transfer of contaminants by microinjecting rainbow troiut (Oncorhynchw mykiss) and chinook salmon (Oncorbyneuhs tsbau"ynba) embryos. Fish were reared for 6 months and sexed, and gonads were removed for histology and measurement of in vitro steroid production. Analysis of fat samples showed that dichlorodiphenylethylene (DDE) levels, o,p'-DDE and pp'-DDE isomers, were elevated 6 months after treatment. A preliminary study showed an increased ratio of males to females after treatment with 80 mg/Lkg and 160 mgLkg of the xenoestrogen o,-DDE One fish treated with 160 mg/kg o,p'-DDE had gonads with cells typical of both males and females. A follow-up study, using more fish and excluding the highly toxic 160 mg/kg o,p'-DDE dose, showed no effect on sex ratio or gonadal histology. Embryonic exposure of monosex male trout, monosex female trout, and mixed se salmon to oap-DDE, pp'-DDE, mix of DDE isomers, and ocylphenol failed to alter sexual development. We observed no treatment-dependent changes in in vitro gonadal steroid production in any experiments. Trout exposed in ovo and reared to maturity spawned successfuilly. These results suggest that mortality attributable to the xenoestrogens op'-DDE, chlordecone, and octyphenol, and the antiandrogen pp'-DDE, is likely to occur before the appearance of sulbde changes in xal development. Because trout appeared to be sensitive to endocrine disruption, we cannot dismiss the threat ofheaviy contaminated sites or complex mixtues to normal sexual development of salmonids or other aquatic organisms.
reared to maturity spawned successfuilly. These results suggest that mortality attributable to the xenoestrogens op'-DDE, chlordecone, and octyphenol, and the antiandrogen pp'-DDE, is likely to occur before the appearance of sulbde changes in xal development. Because trout appeared to be sensitive to endocrine disruption, we cannot dismiss the threat ofheaviy contaminated sites or complex mixtues to normal sexual development of salmonids or other aquatic organisms. Key words: chlordecone, DDE, endocrine disruption, maternal (1) (2) (3) . Unlike OCs, production and use of alkylphenol ethoxylate surfactants, particularly in sewage treatment works, is common and ongoing. The persistence and estrogenicity of alkylphenols has been well documented (4) .
Laboratory and field data have implicated OCs in impaired reproductive success and abnormal sexual development in fish and wildlife species. DDT and its metabolites have caused egg shell thinning and endocrine and reproductive toxicity in wild birds, altering population structure (5) . Sexual abnormalities reported in Florida alligators are thought to be caused by the demasculinizing effects of DDT metabolites, including pp'-DDE (6, 7) . There have been reviews that discussed the role of OC exposure in reproductive and sexual abnormalities in Great Lakes salmon (8) and in marine mammals (2) . Feminization of trout in United Kingdom rivers has been observed and is likely due to contaminants in sewage outfalls, which include alkylphenols and pharmacologic estrogens (9, 10) . Laboratory studies with OCs and alkylphenols, including o,p'-DDE, chlordecone, and octylphenol, have documented the estrogenicity of these chemicals (4, (11) (12) (13) .
Because hormones are involved in the etiology of various human cancers, EACs have been predicted to increase cancer risks. Selected human populations are exposed to high levels of OCs from chemical manufacturing, heavy pesticide use, point-source pollution, and diets high in contaminated fish. Correlations have been suggested between xenoestrogens and breast cancer (14) and declining sperm counts (15) ; however, causal links with adverse human health effects have not been established (16, 17) . In utero exposure to diethylstilbestrol (DES), a potent nonsteroidal pharmacologic estrogen, has been linked to rare vaginal cancers in women and to sex organ alterations in men (18, 19) . Developmental exposure of EACs to humans in utero and from breast milk has been documented (20) and implicated in permanent cognitive dysfunction (21) .
Rainbow trout, Oncorhynchus mykiss, have been studied extensively in fisheries, environmental, biomedical, and endocrine research. Lipophilic OCs and alkylphenols are resistant to metabolism, resulting in bioaccumulation in fish and subsequent human exposure from fish consumption. Female fish transfer persistent chemicals to eggs, effectively clearing contaminant burdens, but exposing developing embryos to EACs (22, 23) . These chemicals may alter sexual development of embryos, which has been documented in laboratory studies with other chemicals in fish and reptiles (24) (25) (26) . There is a great deal of sexual plasticity in teleost fish, but sex steroid hormones appear to control sexual characteristics in all species (27) (28) (29) . Complete and partial feminization of trout has been achieved by various estrogen treatments to eggs and fry (30, 31) , and androgens can be used to create functional all-male populations of salmonids (24, 32) . Hormone receptor expression, endocrine feedback loops, and steroid-metabolizing enzymes can be altered by chemical exposure (11, (33) (34) (35) . Although physiologic consequences may differ, biochemical and molecular functions of steroid receptors in fish seem to be homologous to humans (36) (37) (38) .
In this study, we examined the effects of the xenoestrogens o,p'-DDE, chlordecone, and octylphenol, and the anti; DDE, on various end points c opment in rainbow trout. We DDE metabolites of DDT b( persistence and residual preval all vertebrates. A general tim sexual development is showi Rainbow trout sexual differen bly occurs between hatch absorption (24, 29, 30) . Salmot ally sensitive to complete reve sex before the completion of se ation (9, 24, 29, 32) ; howeve changes are possible after gona tion (24, 30 vehide) for which there were no duplicates. Mortality was monitored over time and fish were reared for approximately 6 months, until gonads were large enough for the sex to be easily determined and for gonads to be removed. We used analysis of variance (ANOVA) to determine mortality differences after hatch and time of first feeding after yolk absorption, two critical windows of fish development ( Figure 1 ). We compared sex ratios by chi-square analysis.
Gonad incubations and histology. After approximately 6 months, we anesthetized the fish in a 50 mg/L solution of tricainemethanesulfonate (MS222; Argent Chemicals Laboratories, Redmond, WA). We recorded weights and determined the sex by gross examination of gonad morphology of each fish. Gonads from at least 10 fish/treatment were removed and placed in 24-well culture plates containing ice cold medium (RPMI-1640). Fish were then killed by severing the spinal cord. In vitro gonadal steroid production was measured using a modification of the method of Fitzpatrick et al. (30) . Gonads were washed twice in 1 mL RPMI-1640 containing 50 pg gentamicin/mL for 1 hr. In preliminary experiments, we had determined that the addition of 10 pg salmon pituitary extract per milliliter of medium stimulated maximal, linearly increasing steroid production by gonads for up to 24 hr. Thus, steroid hormone production was induced by addition of 12.5 pg salmon pituitary powder into 1.25 mL medium. Gonads were incubated for 24 hr at 4°C in a 95% 02:5% CO2 gas mixture in sealed chambers. After incubation, media was removed and stored at (Figure 2 ). Trends from chlordecone treatments suggested an increased male:female ratio (1.9, 1.25, and 2.25 at 7.5, 15, and 30 mg/kg, respectively), but the sex ratios were not statistically different from the control ratio of 1:1 (Figure 2 ). Similar experiments using rainbow trout (experiment 2) and chinook salmon (experiment 5) failed to replicate the changes in sex ratio observed after o,p'-DDE treatment in experiment 1.
Neither p,p'-DDE, DDE mixtures, nor octylphenol treatment altered sex ratios in trout or salmon. Monosex populations of rainbow trout were also treated with o,p'-DDE and octylphenol, but no sex reversal was observed; all fish in experiment 3 were male and all fish in experiment 4 were female, regardless of treatment. Histologic examination confirmed that gross observations of sexual phenotype were correct for trout. However, gross determination of salmon sex often resulted in incorrectly scoring males as females. Consequently, salmon sex ratios reflect only information obtained histologically.
We observed one pair of unusual gonads from a fish treated with 160 mg/kg o,p'-DDE in experiment 1. Under gross examination these gonads were phenotypically female, but under light microscopy, distinct male and female germ cells were apparent within each gonad (Figure 3) . Germ Table 2 shows that both o,p'-DDE and p,p'-DDE were present in treated fish, but not in oil-injected fish. Detection limits were 0.02 and 0.01 mg/g fat for o,p'-DDE and p,p'-DDE, respectively. We estimated the total body burden of DDE isomers based on the fact that approximately 6.98% of total body weight is fat in juvenile rainbow trout (44) . Residues of p,p'-DDE predicted by half-life after 283 days were 61.3% and 72.1% for low and high doses, respectively; these levels were similar to the observed levels of 78.3% and 57% for the original dose (Table 2) . Two things probably contribute to higher observed environmental levels of p,p'-DDE: p,p'-DDE is more persistent in fish than o,p'-DDE (shown here), and larger amounts of p,p'-isomers are used in technical mixtures.
Treatment with these known and putative xenoestrogens and antiandrogen did not alter in vitro steroid production by gonads in a dose-dependent manner in any experiments. However, gonadal steroid production proved to be sensitive to embryonic manipulation, as evidenced by approximately 50% decreased androgen production (testosterone and 1 1 -ketotestosterone) by gonads from male fish injected with chemicals or vehicle alone in experiment 3, as compared to uninjected controls (p < 0.05; data not shown). This response seemed to be related to the injection itself because androgen levels did not vary between any treatment group and oil-injected controls.
Subsets of fish from mixed-sex (experiment 2) and all-male (experiment 3) treatments were reared for 2-2.5 years, until sexual maturation. We performed gross examinations of at least 10 fish from each treatment, and all fish had normal gonads. Ripe males and females from experiment 2 spawned successfully with control fish. Fertilization success was virtually 100%, and most eggs survived until well-developed embryos were visible within eggs (14 DPF) . Mortality increased, in general, after 14 DPF. Survival of progeny from males was greater than from females, although survival did not correlate well with in ovo toxicant exposure (Table 3) . Mortality may have increased in males treated with increasing p,p'-DDE, but statistical measures and trends could not be established from the subsample of fish spawned (Table 3) . We observed no treatment-dependent differences in female GSI or egg production. Crosses of in ovo exposed males and females also developed and hatched successfully (data not shown). Although these data do not represent a comprehensive study of reproductive effects on population dynamics, they show that treated fish seemed to be maturing normally. 3) and all-female (experiment 4) treatments were confounded by high background mortality rates (approximately 50% in males and 80-90% in females) before experimental treatment. Background mortality was probably due to genetic manipulation of fish. The all-female population was produced by gynogenesis from eggs of a single female, which induded ultraviolet irradiation of sperm and subsequent thermal shock of eggs (47) . All-male fish were produced by fertilizing eggs from a single female with milt of a single androgenetic male that had previously been used to sire all-male offspring. High mortality of embryos before chemical treatment may have had no bearing on postinjection mortality (experiment 3, all-males); however, genetic differences in parent fish, combined with genetic manipulation, make it difficult to compare mortality rates between single-sex populations and natural populations. (24, 29, 30) . No residue analysis of octylphenol was performed, but its lipophilic nature suggests a long half-life in fish (51) .
We injected eggs at 21 DPF, after the completion of organogenesis and the most sensitive stages of embryo development. EACs may affect early neuroendocrine and sexual development in trout before the injection times in these experiments, but sexual differentiation in salmonids is incomplete and sensitive to manipulation subsequent to exposure periods tested (24, 29, 30) . A recent study in rats provided in vitro evidence that dopamine-responsive neurons under estrogen control could be altered by xenoestrogens, suggesting a mechanism for disruption of neuroendocrine development in early central nervous system organization (52 (53) . With the exception of heavily contaminated sites (21, 54) , environmental residues are unlikely to approach levels that would expose fish to doses used in this study. Such contamination, if present, would probably alter fish populations because of increased lethality before more subtle endocrine disrupting effects could occur. Although salmonid fishes are advantageous models for biomedical research, long life spans and low sensitivity to environment levels of EACs point to aquarium fish as better models for multigenerational endocrine toxicity studies. We cannot dismiss the potential hazards of complex mixtures or variations due to species differences, but we can conclude that average environmental levels of the chemicals tested are unlikely to have profound effects on endocrine development in salmonids.
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